In this paper, a new practical model for real heavy vehicle structure is developed to investigate dynamic responses under steering/acceleration or braking maneuvers. The generalized six DoFs (degrees-of-freedom) nonlinear vehicle model M 1 including longitudinal, lateral, yaw, vertical, roll and pitch dynamics is validated using the measured data reported in different studies. This model takes the CG (center of gravity) of sprung mass, unsprung mass and total vehicle mass into account. Based on this model, the effects of the inertia parameters on the vehicle dynamic responses are investigated for more comprehensive assessments of the model structure. Another nonlinear vehicle model M 2 derived from M 1 which assumes that the vehicle has a single CG as reported in literature is also developed. The dynamic responses of the vehicle model M 1 are compared with those of the model M 2 to demonstrate the performance potential of the proposed nonlinear model. The results of dynamic responses with the nonlinear vehicle model M 1 suggest that the model could offer considerable potential in realizing enhanced ride and handling performance, as well as improved roll and pitch properties in a flexible manner.
Introduction


Steering, braking or acceleration maneuvers of road vehicles induce generally comprehensive magnitudes of vehicle yaw, roll and pitch motion and thus the knowledge of the position of various center of gravity. During motion in particular in turn, the CG (center of gravity) of the vehicle, the CG of the unsprung mass and that of the sprung mass are different arising from dynamic load transfers due to the cornering and braking forces developed by the tires [1, 2] . Taking into account both CG of the sprung mass and unsprung mass can give more flexibility to the vehicle and inhibit the longitudinal and lateral load transfers. To study the vehicle dynamics, a range of linear and nonlinear models of road vehicles have been reported in the literature for analysis of ride, handling and directional control characteristics. These models vary from simple linear models [3, 4] to complex nonlinear models [4, 5] . Actually, the vehicle dynamics is coupled into a single dynamic model in which all elements are interconnected and act differently. This means that the vehicle is composed with different rigid bodies and elastic elements and not with a single rigid body which has only center of gravity. The different models generally consider that the vehicle has only one center of gravity G. Accordingly, the vehicle is assimilated to one solid placed firmly on the wheels. The majority of the reported studies concentrate on solving for the design conflict between the ride comforts and handling performance requirements. While the majority of studies focus more on the ride dynamics aspect ignoring the effects of inertial parameters. As a consequence of this consideration to the vehicle dynamics, the flexibility in maneuvering is altered and the inertial parameters such moments of inertia can be directly reduced. Therefore, yaw, roll and pitch increase that will have a direct impact on the vehicle handling [6, 7] , braking and traction performance [8] . These effects are well reported in the literature and the above references are by no means exhaustive. In the absence of real dynamic model which takes into account both the inertial parameters of sprung mass and unsprung mass and total vehicle mass, the discrepancies between the real vehicle design and its model dynamic become large. These discrepancies affect such active control system which often used fixed values for the inertial parameters that lie somewhere between the maximum and minimum expected values.
In this works, the main goal is to show how the vehicle motion is affected when we consider only one CG for the total vehicle mass. It also shows the stability and flexibility properties results when we consider simultaneously the CG of sprung mass G s and the CG of unsprung mass G u . Moreover, the roll and pitch characteristics of the vehicle suspension are inhibited as well as the lateral and longitudinal load transfers. As a result, the suspension could provide adequate attenuation of the road-induced vibration.
This paper is organized as follows: Section 2 develops equations of motion for the present works and derives two nonlinear vehicle models M 1 and M 2 suitable for the present study; Section 3 discusses the simulation results and the validation of the proposed vehicle model M 1 ; finally, Section 4 gives conclusions.
Nonlinear Vehicle Models
A range of linear and nonlinear models of road vehicles are reported in the literature for vehicles analysis, handling and control [9, 10] . These models consider that the vehicle has only one CG as shown in Fig. 3 . This means that the distances c p and c u and the height h u are zero, i.e., c p = c u = h u = 0 and h p = h. Therefore, the roll, pitch and yaw moments of inertia of the total vehicle mass: I x , I y and I z are equal to those of the only sprung mass: I xs , I ys and I zs , i.e., I x = I xs , I y = I ys and I z = I zs . It results that many geometrical quantities are not taken into account and can thus influence the dynamic behavior of the vehicle. These geometric quantities appear when we consider that the vehicle is composed of two bodies: sprung mass and unsprung mass and each has its own center of mass.
Nonlinear Vehicle Model: First Model M 1
In this study, a generalized six DoFs (degrees-of-freedom) nonlinear model of a two axis vehicle, incorporating sprung and unsprung mass configurations, is developed to investigate dynamic responses to steering and braking/acceleration inputs as well as excitations arising from road roughness or crosswinds. Moreover, this nonlinear vehicle model offers the essential vehicle flexibility and may thus be applicable for the studies of rollover prevention strategies.
The proposed model shown in Fig. 1 includes six DOFs, three frame Cartesian displacements and three Euler angles: roll angle θ, pitch angle  and yaw angle ψ. The rates of the Euler angles (roll rate V θ , pitch rate V  and yaw rate V ψ ) are derived from Ref. [11] and can be written as:
where, , and The total vehicle mass M has a center of mass G and is composed of sprung mass M s and unsprung mass M u . The sprung mass could rotate about its roll axis, while the unsprung mass M u is supposed to be the mass of a one solid which contains the total mass of the wheels and others solids attached to the bottom of the suspension.
The coordinates of the CG of total vehicle mass, sprung mass and unsprung mass in the vehicle reference frame (x 0 , y 0 , z 0 ) are (0, 0, h), (-c u , 0, h u ) 
where, 
Results and Discussion
Vehicle Model M 1 Validation
The validity of the nonlinear vehicle models is examined using the available measured data reported in Ref. [18] under slalom maneuvers and with a constant speed. The relative performance of vehicle models M 1 and M 2 is further evaluated in terms of responses to acceleration/braking and steering inputs and with the vehicle speeds: 30, 60 and 90 km·h responses to a slalom maneuvers in terms of longitudinal acceleration, lateral acceleration and yaw rate with the reported measured data. However, some differences between the simulation and measured data can also be observed. This may be attributed partially to the parameters and variables neglected in the modeling (six-DOFs), differences in the tires properties considered in the simulation model, inertias of sprung and unsprung mass and steering inputs used in the simulation model. The comparisons show good agreements between the simulation model responses and the measured data. So, the vehicle model M 1 obtained is good under considered slalom maneuvers.
Comparisons of Two Models M 1 and M 2
To compare the performance of the proposed two nonlinear vehicle models M 1 and M 2 , different simulations are performed under slalom maneuvers and with vehicle speed 60 km·h -1 . The difference between the two models in terms of roll and pitch angles is relatively large when the vehicle speed increases. This may be partially attributed to the dynamic lateral and longitudinal load transfers which depend on the vehicle speed [13] . This means that the added parameters in the vehicle model M 1 tend to decrease the impacts of the load transfers and thus the magnitudes of vehicle roll and/or pitch motions.
Conclusions
This study investigated the potential benefits of such practical model M 1 on vehicle ride, handling, roll and pitch dynamic responses under various speeds and steering maneuvers. The dynamic responses of the proposed model M 1 are evaluated using generalized six-DOF nonlinear models. The roll, pitch, longitudinal and lateral dynamic performance are assessed under critical handling maneuvers. The simulation results show that the proposed model M 1 could yield considerably enhanced roll, pitch and yaw dynamics, handling performance as well as improved directional and stability driving of vehicle behavior. The practical benefits of the proposed model which takes CG of sprung mass, unsprung mass and total vehicle mass into account were further shown. The comparisons results of the proposed nonlinear vehicle models M 1 with the nonlinear model M 2 clearly demonstrate the potential advantages of model M 1 compared to M 2 in enhancing overall vehicle in terms of roll, pitch and directional responses.
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